Current clinical tools provide critical information about ocular health such as intraocular pressure (IOP). However, they lack the ability to quantify tissue material properties, which are potent markers for ocular tissue health and integrity. We describe a single instrument to measure the eye-globe IOP, quantify corneal biomechanical properties, and measure corneal geometry with a technique termed applanation optical coherence elastography (Appl-OCE). An ultrafast OCT system enabled visualization of corneal dynamics during noncontact applanation tonometry and direct measurement of micro air-pulse induced elastic wave propagation. Our preliminary results show that the proposed Appl-OCE system can be used to quantify IOP, corneal biomechanical properties, and corneal geometry, which builds a solid foundation for a unique device that can provide a more complete picture of ocular health.
Noncontact applanation tonometry (NAT) is one of the most common screening tools for ocular diseases, most notably glaucoma, by measuring intraocular pressure (IOP). 1 In addition to IOP measurements, applanation studies have been performed in hope to quantify corneal biomechanical properties for detecting degenerative diseases such as keratoconus. 2 However, the large displacements induced by the air-puff prohibit local assessment of corneal biomechanical properties 3 and cause nonlinear biomechanical behaviors. 4 Moreover, biomechanical measurements of the cornea are confounded by other parameters, such as IOP 5, 6 and central corneal thickness (CCT). 5, 7 Thus, providing an accurate measurement of corneal mechanical parameters (e.g., Young's modulus) is not straightforward, let alone based on applanation measurements. Nevertheless, commercially available noncontact tonometers (e.g., the ocular response analyzer and CorVis ST) can distinguish between healthy and keratoconic corneas, 8 but there have been conflicting results on their ability to detect corneal biomechanical changes due to therapeutic interventions such as corneal collagen crosslinking. 8, 9 Therefore, it may not be entirely possible to separate the effects of corneal geometry, IOP, and corneal biomechanical properties from their respective individual measurements for corrections. Rather, a device that can accurately measure these parameters would overcome this limitation.
Optical coherence tomography (OCT) is a versatile and noninvasive imaging technique that provides depth-resolved images with micrometer-scale resolution. 10 The biomechanical properties of tissues can be measured using the elastographic functional extension of OCT, termed optical coherence elastography (OCE). 11, 12, 13 While the OCT structural image has a resolution on the scale of micrometers, phase-sensitive OCT has the capability for subnanometer displacement sensitivity, 14 which is crucial for ultrasensitive elastographic measurements. 15 Ultrasound elastography and magnetic resonance elastography are clinically available elastographic techniques, but are not well-suited for small and thin tissues (e.g., the cornea and sclera) due to their relatively lower spatial resolution, poorer displacement sensitivities, and need for contact-based excitation or coupling medium.
To overcome the aforementioned limitations, we developed an ultrafast OCT system for NAT and for measuring corneal biomechanical properties based on our previously published OCE technique. 16 In this letter, we present noncontact measurement of eye-globe IOP and corneal biomechanical properties in the native corneal state with a single imaging system, which we have termed an applanation optical coherence elastography (Appl-OCE) system.
The measurements were performed on fresh porcine eyes (Sioux-Preme Packing Company, Sioux City, Iowa; n ¼ 3). Extraneous tissues such as muscles were removed from the eye-globes, and all measurements were taken within 24 h of enucleation. The whole eye-globes were placed in a homebuilt holder for artificial IOP control. 17 During testing, the eye-globes were cannulated with two 23G needles for artificial IOP control system. One needle was connected via tubing to a pressure transducer, and the other needle was connected via tubing to a microinfusion pump.
A schematic of the Appl-OCE system is provided in Fig. 1 . Briefly, the system consisted of a 4× buffered Fourier domain model locked (FDML) swept source laser with a central frequency of 1316 nm, scan range of 100 nm, axial resolution of 16 μm, sweep rate of ∼1.5 MHz, and phase stability of ∼14 nm. The system utilized a resonant scanner at ∼7.3 kHz, as previously described. 16 The system utilized a rotary solenoid and plunger to provide the large force air-puff during the applanation measurements and focused micro air-pulse excitation system 18 for the elastographic measurements.
During applanation, a large force air-puff was directed at the central region of the cornea, which was recorded by the OCT system with a frame rate of ∼7.3 kHz, as shown in Fig. 2 (a) and Video 1 (1000× slower than real-time). The IOP measurement technique is very similar to the methods used in other NAT applications. 19, 20 During the inward and outward deformations, there are two times when the cornea is applanated [shown in To calculate the IOP, we assumed the force on the anterior (i.e., the air-puff) and posterior (i.e., IOP) surfaces of the cornea were equal at the times when the cornea was applanated. These times were then correlated to the pressure profile of the air-puff that was measured by a pressure transducer. Four applanation measurements were taken for each porcine sample at each IOP setting. To corroborate our results, IOP measurements were also made with a rebound tonometer (TonoVet, iCareUSA, North Carolina) immediately after the respective applanation measurements by the Appl-OCE system. Five measurements were made for each sample at each IOP by the rebound tonometer.
After the applanation measurements, a focused micro airpulse induced an elastic wave in the cornea, which was also detected by the same phase-sensitive OCT system as previously described. 16 Briefly, the air-pulse induced a transversely propagating elastic wave, which was imaged by repeated B-scans. The B-scan size was a multiple of four to ensure that each repeated A-scan was from the same buffered sweep since the FDML laser utilized 4× buffering. 21 The phase data was corrected to remove surface motion and refractive index mismatch artifacts, with the refractive index of the cornea as 1.376. 22, 23 Selected temporal frames from Video 2 (1000× slower than real-time) of the air-pulse induced elastic wave propagating across a porcine cornea at 10 mmHg IOP are shown in Fig. 2(b) . The red regions near the apex are due to phase unwrapping errors, and these positions were not used for elasticity quantification. The elastic wave velocity was calculated by cross-correlation analysis and linear fitting of the temporal displacement profiles at different spatial positions in the linear scan region. 16 Similar to the applanation measurements, four line measurements over the same apical region were taken for each sample for each IOP setting. The OCE measurements were taken along the nasal/temporal axis of each cornea to limit the effects of corneal mechanical anisotropy on the OCE measurements. 24 The Young's modulus was estimated from the group velocity using the surface wave equation. 16, 25 Figure 3 plots the IOP as measured by Appl-OCE (horizontal stripe) and rebound tonometry (vertical stripe) along with the stiffness of the cornea (blue) estimated by OCE. The IOP set by the IOP control system (open black) is also plotted for easy comparison. The data are presented as the mean AE standard deviation of all measurements from all three samples for a given controlled IOP. Statistical testing by Student's t-test was performed to determine if the measured and controlled IOPs were similar. The results showed that the IOP measured by OCT applanation was not significantly different from the IOP set by the controller, albeit only marginally (P ¼ 0.07). However, the IOP, as measured by the rebound tonometer, was significantly different from the IOP as set by the IOP controller (P < 0.001). The intersample mean AE standard deviation of the IOP measurements by both techniques, corneal stiffness, and CCT are presented in Table 1 . CCT was calculated from the OCT structural image assuming that the cornea had a constant refractive index of 1.376. 23 In this work, we have presented a technique for quantifying IOP and performing quantitative elastographic evaluation of the cornea with a single OCT instrument. A large force air-puff applanated the cornea and OCT images were taken at a frame rate of ∼7.3 kHz. Afterward, a focused micro air-pulse induced a transversely propagating elastic wave, which was also imaged by the same OCT system. Our results showed good correlation with the IOP as set by the artificial IOP control system, showing the feasibility of the described Appl-OCE technique to measure the IOP of the eye-globe and to estimate quantitatively corneal biomechanical properties.
IOP measurements performed by air-puff applanation tend to overestimate IOP, 26 but in our work, the OCT applanation mildly underestimated IOP, except at 20 mmHg where the IOP was overestimated by ∼1 mmHg. The rebound tonometer underestimates IOP, 27 which was corroborated in our results. Goldmann applanation tonometry (GAT) is generally regarded as the "gold standard" of noninvasive IOP measurements. However, GAT is also affected by corneal geometry because it assumes that the cornea is an infinitely thin, dry, spherical shell with no other interactions. In contrast, extraneous factors, such as corneal and scleral viscoelasticity, tear film, corneal geometry, and probe interactions, all affect GAT measurements, and thus, correcting factors are usually used to overcome these limitations. Here we only present raw uncorrected data. A study with a much larger cohort is the next step of our work to determine the interplay between IOP, corneal biomechanical properties, and corneal geometry as measured by Appl-OCE. Nevertheless, we have shown that the proposed Appl-OCE instrument has the capability to measure corneal geometry, corneal stiffness, and IOP since it may not be possible to separate or correct for all of these factors from a single given measurement.
Extensive work has been performed to develop techniques to obtain corneal biomechanical properties from applanation measurements. 2 However, assumptions of corneal linear mechanical responses are not applicable here as the corneal deformation is large (mm-scale), and the corneal stress-strain curve is distinctly nonlinear. 28 There are some limitations in our work as well. The surface wave equation does not take into account the corneal viscoelastic nonlinearity, 25, 28 corneal curvature and thickness, 29 aqueous humor, 30 dispersion of the elastic wave, 31, 32 or corneal mechanical anisotropy. 24, 33 Additionally, the limited spatial and temporal data points resulted in the large variance in measured corneal biomechanical properties at 20 mmHg (stiff conditions), and the limited bandwidth of the air-pulse induced waves (below 1 kHz) combined with limited number of data points prevented dispersion analysis of the elastic wave. There are still several steps for improvement, which are the focus of our future work. For example, utilizing the both scans of the resonant scanner, 21 dispersion analysis 31, 32, 34 with a more rigorous mechanical wave model 31 will enable more accurate elasticity measurements. Acoustic techniques can also provide noncontact measurement of corneal biomechanical parameters, 33 but the presence of the coupling medium can be uncomfortable for in vivo corneal applications. In this case, air-coupled acoustic radiation force excitation with ultrafast OCE shows great promise for providing truly noncontact quantification of corneal viscoelasticity. 32 Nevertheless, our OCE technique has the ability to measure the biomechanical properties of the cornea in its natural resting state in the eye-globe with small displacements that minimize the effects of the corneal nonlinear biomechanical properties. Noncontact OCE has also shown the ability to measure the depthwise microscale biomechanical properties of the cornea 34 as well as changes in these properties from different cross-linking techniques. 35 Evaluating the ability of the Appl-OCE system to also measure these parameters is the next step of our work.
In summary, we have demonstrated proof of principle of a single OCT device (Appl-OCE) capable of measuring the geometry of the cornea, the IOP of the eye-globe with noncontact airpuff applanation, and corneal biomechanical properties by analyzing a micro air-pulse induced elastic wave. Our results show promise for this completely noncontact technique to provide an instrument than can effectively measure and quantify the corneal geometry, eye-globe IOP, and corneal biomechanical properties rather than developing models to separate such effects from a subset of measurements. Fig. 3 . Comparison of IOP as measured by Appl-OCE and rebound tonometry. The Young's modulus obtained by OCE is plotted alongside in blue. The data are presented as the intersample mean AE standard deviation of all measurements from three porcine samples for a given IOP setting. 
